and ␣MSH have been implicated as key players in the strate that NPY strongly hyperpolarized POMC neuregulation of energy homeostasis, and arcuate neurons rons through the Y1R-mediated activation of GIRK expressing these peptides have been demonstrated to channels, while the ␣MSH analog, MTII, had no effect be direct
performed on GFP-labeled neurons from wild-type and ob/ob BAC transgenic mice. These studies showed that NPY directly inhibited POMC neurons in the Arc through the Y1R-mediated activation of GIRK currents. In contrast, an ␣MSH analog had no effect on the activity of NPY neurons, showing that there is asymmetric signaling between these important neuropeptides in the Arc. POMC neurons from ob/ob mice showed enhanced desensitization to the effects of NPY, but not to GABA B or -opioid receptor (OR) agonists, suggesting that there are specific alterations in the NPY signaling pathway in POMC neurons from leptin-deficient, ob/ob mice. These studies reveal an important interplay between NPY and POMC neurons and provide novel information on the neural circuit regulating energy homeostasis.
Results
It has previously been reported that POMC neurons are subject to tonic, GABA-mediated inhibition, and it has been suggested that some of these GABAergic inputs originate from NPY neurons (Cowley et al., 2001). We sought to determine whether the release of NPY might also inhibit POMC neurons. In order to perform patchclamp recordings from POMC neurons, we utilized BAC transgenic technology to create transgenic mice in which POMC neurons were labeled with a variant of GFP, Topaz GFP. For simplicity, the POMCTopaz GFP mice will be referred to as POMC-GFP mice. In these mice, GFP was expressed exclusively in POMC neurons in the arcuate nucleus ( Figure 1A ; our unpublished data) and hippocampus (data not shown).
To assess the potential effects of NPY on POMC neurons, the activity of GFP-labeled neurons from POMC-GFP mice was monitored in the loose, cell-attached configuration in acute slice preparations. The addition of 100 nM NPY completely eliminated the spontaneous firing of action potentials in POMC neurons in a reversible manner ( Figures 1B and 1C) , and NPY suppressed firing completely in nearly every cell tested, as depicted in the composite data shown in Figure 1C .
We next asked whether this effect was reciprocal by lating the activity of inputs to Arc NPY neurons. MTII (C) Normalized mean firing rate for POMC neurons in response to also had no effect on the frequency of excitatory or 100 nM NPY. The firing rate of each cell was normalized to the rate inhibitory postsynaptic currents on the NPY neurons at the onset of NPY application, and the normalized rates were then ( Figures 2C and 2D) . Thus, while NPY can modulate the averaged (n ϭ 5).
activity of POMC neurons, this effect is not reciprocal, as an ␣MSH agonist had no discernible effect on arcuate NPY neurons. performed in the whole-cell configuration. Once again, POMC neurons fired action potentials spontaneously at Having established that there were consistent and significant effects of NPY on the arcuate POMC neurons, rest ( Figure 3A) . As in the loose, cell-attached configuration, 50-100 nM NPY completely eliminated action powe next examined the mechanism responsible for this response. To determine the magnitude of the effect of tential firing and significantly hyperpolarized all neurons tested ( Figures 3A and 3B ) (mean effect: ϭ Ϫ16.98 mV Ϯ NPY on POMC neurons, current-clamp recordings were 2.40 mV, n ϭ 9, p ϭ 0.00005 versus control). The NPY To further deduce the mechanism of action of NPY on POMC neurons, the input resistance of POMC neueffect was reversible, but complete reversal of the NPYinduced hyperpolarization depended on the length of rons was measured. POMC neurons in the Arc are typically small and have very high input resistances, on the exposure to NPY, and cells generally required 15-60 min for full recovery. The effects of NPY appeared to order of Ͼ1 G⍀. In some cases this makes it difficult to observe the effects of small currents on input resistance. be mediated by direct action on POMC neurons, as NPY also significantly hyperpolarized POMC neurons in the Despite this potential limitation, a significant decrease in input resistance was observed in POMC neurons after presence of tetrodotoxin (TTX) ( Figure 3B sion suggest a role for these peptides in the pathogenesis of the obesity associated with leptin deficiency, the mode and appeared to block a basal leak conductance (as was also observed in voltage-clamp recordings), activity and responsiveness of the POMC neurons from ob/ob mice have not been studied. In order to determine leading to a small but significant depolarization over control conditions (data not shown; mean effects: whether the activity of POMC neurons from ob/ob mice was different from wild-type mice, the electrophysiologi-NPY: Ϫ14.25 mV Ϯ 2.16 mV, n ϭ 9, p ϭ 0.00008; NPYϩBa: 3.44 mV Ϯ 1.07 mV, n ϭ 9, p ϭ 0.006).
cal characteristics of POMC neurons were studied in acute slice preparations from POMC-GFP, ob/ob mice. To definitively confirm that NPY acted directly on POMC neurons, additional experiments were performed
The morphology of POMC neurons from ob/ob mice was grossly similar to wild-type mice, and POMC using acutely dissociated POMC neurons. This preparation allows more accurate voltage-clamp and faster soneurons from wild-type and ob/ob mice had similar resting potentials (data not shown). We next tested lution exchange and also eliminates any actions of NPY that may be mediated indirectly by release of modulatory the effects of NPY on POMC neurons from ob/ob mice. Similar to wild-type mice, NPY hyperpolarized all agents from other neurons or glia. As observed in slice preparations, acutely dissociated POMC neurons fired POMC neurons from ob/ob mice tested ( of NPY did appear to reverse more rapidly in ob/ob ob/ob mice desensitized more rapidly and to a significantly greater extent than those from wild-type mice neurons ( Figure 7A ), suggesting the possibility of increased desensitization of the response to NPY in these ( Figures 7C and 7D ), suggesting that there are alterations in the NPY signaling pathway that could possibly animals. To confirm that the accelerated reversal of the effects of NPY on POMC neurons from ob/ob mice was be due to increased tonic release of NPY onto POMC neurons in ob/ob mice. This could explain the increased not due to alterations in the potency of NPY, doseresponse curves were performed on POMC neurons desensitization that was observed, as well as the increase in the rate of reversal of the effects of NPY obfrom wild-type and ob/ob mice ( Figure 7B ). While the efficacy of NPY was slightly, but nonsignificantly, reserved in current-clamp mode shown in Figure 7A . To ensure that the increased desensitization of the NPYduced in POMC neurons from ob/ob mice, the potency of the NPY effect on POMC neurons from wild-type and induced currents in ob/ob mice was not due to activation of a delayed inward current only in ob/ob POMC neuob/ob mice was similar (wild-type EC 50 ϭ 12.29 Ϯ 7.85 nM, ob/ob EC 50 ϭ 11.51 Ϯ 15.4 nM), indicating that the rons, extracellular barium was used to block the NPYinduced GIRK currents. The inclusion of extracellular more rapid reversal of NPY effects was not due to altered potency on ob/ob POMC neurons. barium (1 mM) blocked all NPY-induced currents (data not shown), demonstrating that the increased desensitiTo test the possibility that there was increased desensitization of the NPY response in POMC neurons from zation observed in ob/ob mice was not due to activation of an additional inward current specifically in ob/ob ob/ob mice, the response to NPY was quantified in slice preparations from wild-type and ob/ob mice after treatmice. We next sought to determine whether the increased ment with different concentrations of NPY for prolonged periods. While POMC neurons from both wild-type and desensitization in POMC neurons from ob/ob mice was specific for NPY, or whether the increase in desensitizaob/ob mice showed little desensitization to treatment with 10 nM NPY for up to 15 min ( Figure 7D ), significant tion was common to all receptors activating the GIRK signaling pathway. Since both GABA B and -opioid redifferences were observed following treatment of POMC neurons with a higher concentration of NPY (100 nM) ceptor (OR) activation have been demonstrated to activate GIRK currents in POMC neurons (Kelly et al., 1990; for 10 min (Figures 8C and 8D) . POMC neurons from Loose et al., 1991), we tested whether the desensitization of these responses was also altered in POMC neurons from ob/ob mice. The GABA B agonist, baclofen (100 M), induced an outward current in POMC neurons Discussion that showed strong desensitization in both wild-type and ob/ob mice ( Figures 8A and 8B) . However, there
The dual center hypothesis holds that a feeding center and a satiety center reciprocally regulate food intake and was no difference in the extent of desensitization between wild-type and ob/ob neurons ( Figure 8B ). The body weight and that alteration in the relative activity of these centers results in obesity or leanness. With the OR agonist, met-enkephalin (30 M), also induced an outward current in POMC neurons. However, as with identification of leptin and arcuate neurons expressing NPY and POMC as their targets, molecular correlates GABA B activation, no differences were observed in the desensitization to met-enkephalin in wild-type and ob/ of these feeding and satiety circuits have been identified in the Arc. The studies reported here illustrate how the ob mice (Figures 8C and 8D ). This demonstrates that the enhanced desensitization of NPY-induced currents use of electrophysiology in transgenic mice with GFPlabeled neurons can delineate the function of these neuin POMC neurons from ob/ob mice was specific for NPY. These data suggest that there is a specific alteration in ral pathways with greater precision than would otherwise be possible. the NPY signaling pathway in POMC neurons in ob/ ob mice.
Previous reports have indicated that NPY-containing Figure 3 ). In contrast, MTII had no effect on either the activity of NPY neurons that were analyzed in this report. The data reported here suggest that the responsiveness of POMC neurons or the inputs to NPY neurons (Figure 2) . Thus, our findings show potent inhibitory effects of NPY on neurons to NPY is unaltered. However, the observation that POMC neurons from ob/ob mice showed increased POMC neurons and establish the precise signal transduction mechanism: NPY activates Y1Rs, which in turn desensitization to NPY but not to other activators of the GIRK signaling pathway suggests that there are specific activate GIRK channels via G proteins of the G i/o family. , 3), 1 pM (3, 4) . The induced currents were averaged and plotted, and the resulting Data Analysis points were fit with a sigmoid function using Igor Pro.
All values reported are means Ϯ SEM. Data analysis was performed using PulseFit, Chart, IgorPro, and Microsoft Excel, and all figures were created using PulseFit and IgorPro. Mean values for membrane Desensitization Assay potential in current-clamp were similar following analysis with both Acute desensitization of the response to NPY, baclofen, and metChart and Pulse, and the data reported here were obtained using enkephalin was examined through the use of prolonged treatment Chart. Most statistical tests were performed using either paired or with the drugs. Cells were voltage-clamped at Ϫ60 mV in normal unpaired Student's t tests, as appropriate. A one-way repeated aCSF and treated with either 100 nM NPY for 10 min, 10 nM NPY measures ANOVA was used to examine the decrease in input resisfor 15 min, 100 M baclofen for 10 min, or 30 M met-enkephalin tance elicited by NPY. for 8 min. Thiorphan (1 M) and bestatin (10 M) were included in the experiments using met-enkephalin to block its degradation. Desensitization was assessed by observing the decrease in the Reagents induced currents in the continued presence of NPY. The desensi-NPY and BIBP3226 were from Peninsula Laboratories (San Carlos, CA). MTII was from Phoenix Peptides (Belmont, CA). Electrode capiltized current level was determined at the point where the current lary glass was from World Precision Instruments (Sarasota, FL). reached a plateau after decreasing from the peak level (see Figures Fluorescent filter sets were from Chroma Technology Corp. (Brat-7D and 7E). In one very strongly desensitizing cell, in which a plateau tleboro, VT). TTX and D-AP5 were from Calbiochem. Other reagents could not be determined, the current level at the end of the NPY were from Sigma (St Louis, MO). treatment was used.
